by G␣ i1 and G␣ o was characterized using on-line capillary electrophoresis laser-induced fluorescence assays in order that changes in substrate, substrate-enzyme complex, and product could be monitored separately. Nanomolar RGS increased the rate of enzyme product formation (BODIPY® FL GDP (BGDP)) by 117-213% under steady-state conditions and accelerated the rate of G protein-BGTP complex decay by 199 -778% in pseudosingle-turnover assays. Stimulation of GTPase activity by RGS proteins was inhibited 38 -81% by 40 M YJ34, a previously reported peptide RGS inhibitor. Taken together, these results illustrate that G␣ subunits utilize BGTP as a substrate similarly to GTP, making BGTP a useful fluorescent indicator of G protein activity. The unexpected levels of BGTP␥S hydrolysis detected suggest that caution should be used when interpreting data from fluorescence assays with this probe.
G proteins 1 are involved in many important physiological processes. Ligands binding to cell surface receptors signaling through G protein pathways (like G protein-coupled receptors (GPCRs) or receptor tyrosine kinases (RTKs)) induce the G protein to exchange GDP for GTP, activating the protein. Activated G protein can transmit signals to downstream effectors such as adenylyl cyclase, phospholipases, ion channels, or cGMP phosphodiesterase, which ultimately result in cellular responses initiated by the extracellular ligand stimulus. Signaling is ceased by the hydrolysis of GTP to GDP via the intrinsic GTPase activity of the G protein (reviewed in Refs. 1 and 2). G protein deactivation can be accelerated by interactions with GTPase-activating proteins (GAPs) such as regulators of G protein signaling (RGS) (3, 4) .
Most studies of G protein-mediated signaling have relied on utilization of guanine nucleotide analogues that both behave similarly to the native species and have been modified such that they can be sensitively detected. The most common modification involves insertion of radiolabeled isotopes of phosphorous or sulfur to yield [␥- 32 P]GTP and [␥- 35 S]GTP␥S, which can then be used in filter-binding assays to measure GTPase activity and the extent of nucleotide binding, respectively. More recently, fluorescent guanine nucleotide derivatives N-methyl-3Ј-O-anthranoyl (MANT) and BODIPY® have been developed (5, 6) , allowing for G protein assays with greater sensitivity than previous fluorescence assays that relied on detection of changes in intrinisic tryptophan fluorescence. A number of studies have reported on use of these fluorescent GTP derivatives with low molecular weight, Ras-like G proteins. In general, the binding affinities and rate constants reported for MANT analogues of GTP and GDP are within a factor of 2 of those for unmodified guanine nucleotides (7) , rendering these probes useful for studies of basal and GAP-stimulated GTPase activity (8 -13) and interactions with guanine nucleotide exchange factors (14, 15) , guanine nucleotide dissociation inhibitors (16) , and effectors (17) (18) (19) . BODIPY analogues have been employed with Ras-like proteins to monitor guanine nucleotide exchange (20, 21) and for imaging Ras activation in living cells (22) .
Reports of heterotrimeric G protein interactions with fluorescent guanine nucleotides are relatively limited (23) . Early work illustrated MANT nucleotide exchange kinetics, GTPase activity, and the extent of their ability to activate G i/o ␣ subunits (24, 25) . Despite these successes, MANT-modified guanine nucleotides have relatively low affinity for some heterotrimeric G proteins (26) and have been reported to unexpectedly behave as potent competitive adenylyl cyclase inhibitors (27) , limiting their use for the analysis of G proteineffector interactions and in vitro studies. Conversely, BODIPY® FL-modified nucleotides are inefficient at directly inhibiting adenylyl cyclase (28) ; these nucleotides also yield greater fluorescence enhancement upon binding to G␣ subunits than their MANT counterparts (6) , have reported dissociation constants (K D values) in the nanomolar range, and can be excited in the visible region. These properties have made them useful tools for fluorescence-based assays of nucleotide exchange (6, 21) and for examining interactions of heterotrimers with guanine nucleotide dissociation inhibitors (29 -31) . Hydrolysis of BODIPY® FL GTP (BGTP) by G␣ o has been detected (6); however, no kinetic information has been reported. Thus, it is unknown if BODIPY derivatives might serve as effective GTP mimics in studies of G␣ activity and interactions with signaling modifiers such as RGS.
We have assessed the GTPase activity of G␣ i1 and G␣ o subunits with BODIPY® FL-labeled GTP analogues BGTP and BODIPY® FL GTP␥S (BGTP␥S) (Fig. 1) . To track the dynamic changes that occur over the course of the enzymatic reaction, sample components were rapidly separated by capillary electrophoresis and detected using laser-induced fluorescence (CE-LIF). Overall, we found that basal GTPase activity and its modulation by GAPs and a synthetic peptide GAP inhibitor were similar to that reported for GTP; however, the presence of the fluorophore did cause significant deviations in some aspects of the activation/deactivation cycle.
EXPERIMENTAL PROCEDURES
Materials-BGTP␥S, BGTP, BGDP, and BODIPY® FL iodoacetamide were obtained from Molecular Probes, Inc. (Eugene, OR). 10ϫ Tris/glycine buffer was purchased from Bio-Rad. Enzyme grade sodium phosphate monobasic was purchased from Fisher. His 6 -G␣ o (G␣ o ), rmyristolated G␣ i1 (G␣ i1 ), G␣ i1 mutants R178C and Q204L, RGS4, and RGS8 were expressed and purified as described previously (32, 33) and stored at Ϫ80°C until used. Ac-Val-Lys-c(Et)(Cys-Thr-Gly-Ile-Cys)-Glu-NH 2 (YJ34), where c(Et) designates cyclization via an ethylene dithioether linking the Cys side chains, was synthesized and purified as described previously (34) , dissolved in Me 2 SO and stored as 2 mM aliquots at Ϫ20°C. All other chemicals were from Sigma. Buffers were made with deionized water purified by an E-Pure water system (Barnestead International Co., Dubuque, IA) and filtered prior to use.
Capillary Electrophoresis Instrumentation-For rapid CE separations, a CE-LIF instrument equipped with "flow-gated" injection similar to that described elsewhere was used (35, 36) . A block diagram depicting the instrument is shown in Fig. 2 . Briefly, sample was loaded into a chamber that was then pressurized so that sample flowed from the chamber to the flow-gate interface through a fused silica capillary (Polymicro Technologies, Phoenix, AZ). The flow-gate controlled periodic injections (details below) onto the CE-LIF, where sample was rapidly separated. Electrophoresis buffer was supplied as a gating-flow at 1.0 -1.4 ml/min by a Series I high pressure liquid chromatography pump (LabAlliance; Fisher) equipped with an external pulse dampener.
To inject sample onto the electrophoresis capillary, the gating-flow was diverted to waste using a 12V DC solenoid valve (Cole Palmer Instrument Co., Vernon Hills, IL), allowing sample to accumulate in the interface between the two capillaries. The injection voltage was then applied across the separation capillary by a high voltage power supply (CZE 1000R; Spellman High Voltage Electronics, Plainview, NY) for a specified amount of time to load sample onto the capillary column. Once sample was injected, gating-flow of electrophoresis buffer was resumed by actuating the gating valve, and separation voltage was applied. Serial injections could be performed at a rate limited by separation time. All operations were controlled by a personal computer equipped with a multifunction board (AT-MIO-16; National Instruments, Austin, TX) using software written in-house.
Detection was accomplished using LIF as described elsewhere (37) . The LIF detector used the 488-nm line of an air-cooled 15-milliwatt Ar ϩ laser (Spectra Physics, Mountain View, CA) as the excitation source. Fluorescence was collected 90°from the excitation source via a ϫ40 microscope objective (Melles Griot, Irvine, CA). The fluorescence emission was spectrally filtered using a 520 Ϯ 10-nm bandpass filter and a 488-nm notch filter (Corion, Holliston, MA) and spatially filtered through two pinholes (5 ϫ 7 mm and 1.5 ϫ 4 mm) before entering a photomultiplier tube (model E717-21; Hamamatsu Photonics, Bridgewater, NJ). Signal from the photomultiplier tube was amplified by a Keithley 428 current amplifier and collected using the same computer and software used for instrument control. Processing of electrophoresis data were performed with a program written in-house (38) .
Buffers and Sample Preparation-For all experiments with BGTP␥S, separation buffer was 25 mM Tris, 192 mM glycine, pH 8.5 (TG). The separation buffer for BGTP assays was 90% TG, pH 8.5, 10% 100 mM sodium phosphate, pH 7.1 (TGP). For all studies, samples were prepared in TG buffer supplemented with 1 mM EDTA, 10 mM MgCl 2 , and 1 mM dithiothreitol (TGEMD). All experiments were performed at room temperature.
Detection and Characterization of BODIPY® FL Nucleotide Hydrolysis-Initially, BGTP hydrolysis by G␣ i1 and G␣ o was monitored for samples of 250 nM BGTP and 400 nM ␣ subunit (G␣ o , G␣ i1 , or G␣ i1 mutant). G protein was added to BGTP at t ϭ 0 s, and a portion of the reaction mixture was periodically injected onto the capillary column and analyzed by CE-LIF. Free BGTP, G protein-bound BGTP, and BGDP (enzyme product) were separated from each other by the application of a 1500-V/cm electric field. Changes in peak heights and areas for all components were monitored over ϳ1200 s. BGTP␥S hydrolysis experiments were performed in a similar manner, with 300 nM BGTP␥S and 1.6 M G␣ i1 . G␣ i1 -BGTP␥S complex, free BGTP␥S, and the product BODIPY® FL thiophosphate (BSP) were separated by the application of a 560-V/cm electric field. In a separate experiment, BSP was synthesized by reacting equimolar amounts of BODIPY® FL iodoacetamide and sodium thiophosphate dodecahydrate in 1:1 dimethyl formamide/ H 2 O for 2 h at room temperature. Synthesized BSP was added into a sample containing BGTP␥S and a trace amount of enzyme product to confirm the identity of the product peak.
For the characterization of kinetics parameters, G protein and BODIPY® FL nucleotide were mixed at t ϭ 0 s, and the accumulation of enzyme product (either BSP or BGDP) was monitored over time until 10% of the substrate was depleted. The plot of product fluorescence (represented by either peak height or peak area) versus time was fit linearly to obtain the product formation rate in relative fluorescence units (RFU)/s for each substrate concentration. The rate in RFUs Ϫ1 was converted to Ms Ϫ1 using the slope of the calibration curve for each product peak. Product formation rates obtained at each concentration of BGTP␥S were corrected for the spontaneous (in the absence of G protein) decomposition of BGTP␥S to BSP that occurs at pH 8.0 and above. The product formation rate was divided by the enzyme concentration to yield the turnover number, which was then plotted versus nucleotide concentration and fit to a single hyperbolic function according to y ϭ (turnover Stimulation of GTPase Activity by RGS-In steady-state RGS experiments, 325 nM RGS8 and 10 nM G␣ o were added to 500 nM BGTP at t ϭ 0 s. The progression of BGTP hydrolysis to BGDP in the presence and absence of RGS8 was assessed every 20 s. BGDP peak area was plotted versus time for all samples, and the extent of RGS8 stimulation of GTPase activity was estimated from a linear fit of the data from 0 to 750 s.
Pseudo-single-turnover experiments were performed with samples consisting of 2 M G␣ o and 5 M BGTP, where G␣ o was added at t ϭ 0 s, and G␣ o -BGTP association was monitored by serial injections made every 12 s. 210 nM RGS4 or 260 nM RGS8 was added in when G␣ o -BGTP peak formation had reached a maximum, ϳ200 s after G␣ o had been added. To quantify the effect that RGS4 and RGS8 had on G␣ o GTPase activity, a plot was made of G␣ o -BGTP peak area versus time. The decay of the complex for each sample (with and without RGS added) was fit to a one-phase exponential decay function using GraphPad Prism, and the half-times and rates for each were compared. Experiments with the RGS inhibitor YJ34 were performed in a similar manner except that YJ34 (final concentration 40 M) was preincubated with RGS at 4°C before being added into the sample. Half-times and rates for the decay of the complex in the presence and absence of YJ34 were obtained as described above. Fig. 3 depicts hydrolysis of BGTP by G␣ o as monitored by CE-LIF. Trace 1 of Fig. 3A is a representative electropherogram of sample containing 250 nM BGTP prior to the addition of G␣ o . BGDP was present as a trace contaminant in the free BGTP sample and migrated ahead of BGTP as indicated. Two peaks were detected for both BGTP and BGDP due to the nonhomogeneous labeling of the nucleotides on the ribose ring (see Fig. 1 ). With the addition of 400 nM G␣ o to the sample, a new peak, corresponding to G␣ o -BGTP complex, was detected with a migration time of 10 s (shown in Fig. 3A , trace 2, for t ϭ 20 s after G protein was added). Although only one peak was observed for BGTP-G␣ o in the electropherograms, the ratio of the 2Ј and 3Ј BGTP peak heights remained unchanged over the course of the experiment; thus, it is assumed that both isoforms bind to G␣ o , but the isomers are unresolved once bound to the large protein. Also detectable in trace 2 are a decrease in the free BGTP peaks and a corresponding increase in the BGDP peaks, presumably the result of G protein enzymatic activity. 200 s after the addition of G␣ o (Fig. 3A, trace 3) , both free and complexed BGTP have been depleted and completely converted to BGDP.
RESULTS

Monitoring BGTP Hydrolysis-
Peak areas for each of the three components (G␣ o -BGTP complex, free BGDP, and free BGTP) are plotted versus time (where G␣ o was added at t ϭ 0 s) in Fig. 3B . Both G␣ o -BGTP and free BGTP decreased exponentially with the decrease in complex fluorescence lagging behind the decrease in free BGTP. The half-time for BGDP formation was 66 Ϯ 4 s, which corresponds well with the 67 Ϯ 6-s half-time of G␣ o -BGTP complex disappearance. The half-time for the decrease in free BGTP, however, was much faster (22 Ϯ 2 s). The delay in complex disappearance as compared with BGTP can be attributed to the occurrence of multiple BGTP-G␣ o binding events, all of which contributed to the total complex fluorescence and the depletion of free BGTP. The observed initial rapid binding of BGTP (which occurs much faster than the dissociation of Hz; ex ϭ 488 nm, em ϭ 520 nm; separation buffer was TGP, sample buffer was TGEMD. B, plot of peak area versus time for each analyte species (G␣ o -BGTP complex (f), BGTP (E), and BGDP (‚)). Every point on the graph is representative of fluorescence measurements for each analyte in the sample, obtained from individual electropherograms. Each data set was fit to a single exponential decay (BGTP and G␣ o -BGTP complex) or association (BGDP). Half-times for BGTP and G␣ o -BGTP complex disappearance and BGDP formation were 22 Ϯ 2, 67 Ϯ 6, and 66 Ϯ 4 s, respectively.
GDP from G␣ o ) was most likely due to some of the G␣ o (ϳ10%) being present as a GDP-free form (39) .
A G␣ o -BGDP complex was not observed in these electropherograms, despite some evidence that BGDP does form a complex with G␣ o (6) . When the separation time was decreased from 20 to 6 s by increasing the electric field, a small peak corresponding to complex was detected. These results suggest that the complex dissociated too rapidly to be detected on the 20-s time scale, implying a weakly bound substrate. Supporting this conclusion, a separate set of fluorescence anisotropy experiments revealed that the K D of G␣ o -BGDP was 1.6 Ϯ 0.5 M (data not shown).
Mutation of G␣ i1 Arg 178 to Cys or Gln 204 to Leu impairs GTPase activity (40) but not nucleotide binding capabilities. To determine whether these mutations also blocked hydrolysis of BGTP, we compared the GTPase activities of G␣ i1 with G␣ i1 mutants R178C and Q204L. All forms of G␣ i1 were observed to bind BGTP, as shown in Fig. 4A for G␣ i1 R178C and wild-type (WT) G␣ i1 . The amount of mutant G␣ i1 -BGTP complex formed stabilized after 750 s due to the lack of enzymatic turnover. In contrast, the BGTP complex with WT G␣ i1 reached its maximum peak area 100 s after protein was added to the sample and then rapidly decayed with a half-time of 112 Ϯ 17 s as all BGTP was hydrolyzed to BGDP.
The trends observed for each of the G protein-BGTP complex peaks are mirrored in the changes of the BGDP peak, as shown in Fig. 4B . BGDP formation in the WT G␣ i1 sample increased rapidly up to its maximum value of 2.1 Ϯ 0.1 RFU with a half-time of 102 Ϯ 6 s and plateaued at the same time that the G␣ i1 -BGTP complex was depleted. In the G␣ i1 R178C sample, BGDP was formed at a rate of 3.6 Ϯ 0.3 ϫ 10
Ϫ11 Ms
Ϫ1 , an order of magnitude slower than the initial BGDP formation rate in the WT G␣ i1 sample (5 Ϯ 1 ϫ 10 Ϫ10 Ms Ϫ1 ). BGDP formation in G␣ i1 Q204L samples was indistinguishable from blank samples containing no protein. Since RGS has been shown to restore G␣ i1 R178C (but not G␣ i1 Q204L) GTPase to that of basal G␣ i1 (3), it is not surprising to observe that G␣ i1 R178C retains some GTPase function. Spontaneous conversion of BGTP to BGDP was not detected in the absence of G proteins.
BGTP␥S Is Hydrolyzed by G Proteins-BGTP␥S has recently gained popularity as a fluorescent probe for G␣, since it yields a significant increase in fluorescence emission upon binding (6-fold for G␣ o ) (6) . As a ␥-S derivative, this analogue is generally treated as nonhydrolyzable in analogy to GTP␥S; however, hydrolysis would not be readily detectable by ordinary fluorescence measurements. We therefore investigated G protein GTPase activity when BGTP␥S was used as the substrate. A CE-LIF assay of sample containing 300 nM BGTP␥S and 1.6 M G␣ i1 is shown in trace 1 of Fig. 5A . In addition to the G␣ i1 -BGTP␥S complex peak, another peak (marked with an asterisk in Fig. 5A ) was observed to increase with time, as illustrated in Fig. 5B . Qualitatively, the kinetic behavior was as expected for an enzymatic hydrolysis where the peak marked with the asterisk is the product. The peak height of the G␣ i1 -BGTP␥S complex increased exponentially until it plateaued at 6.9 Ϯ 0.2 RFU after ϳ750 s. G␣ i1 -BGTP␥S peak height remained constant until t ϭ 1500 s and then began to steadily decrease. The rate of product formation accelerated as the complex peak approached steady-state and then decelerated concurrent with the decrease in complex as the substrate was consumed. In the   FIG. 4 . Comparison of G␣ i1 , G␣ i1 R178C, and G␣ i1 Q204L GTPase activities with BGTP. 400 nM G protein was added to 250 nM BGTP at t ϭ 0 s as described under "Experimental Procedures," and the sample composition was monitored every 20 s. A, plot of G protein-BGTP complex peak area versus time for G␣ i1 (f) and G␣ i1 R178C (Ⅺ) samples. Separation and buffer conditions were the same as described in Fig. 3 . B, plot of BGDP formation with time for the blank (f) and samples containing G␣ i1 (OE), G␣ i1 R178C (‚), and G␣ i1 Q204L (Ⅺ).
FIG. 5.
BGTP␥S hydrolysis by G␣ i1 . 1.6 M G␣ i1 was added to 300 nM BGTP at t ϭ 0 s as described under "Experimental Procedures," and the sample composition was monitored every 30 s. A, representative electropherograms for t ϭ 60 and 3000 s after G␣ i1 addition. The putative enzyme product BSP is indicated with an asterisk in both traces. Separation conditions were as described in Fig. 3 except for the following: separation capillary was 4/9 cm L d /L t , injections were 0.5 kV for 0.1 s, applied separation voltage was Ϫ5 kV, and the separation buffer was TG. B, plot of peak height versus time for G␣ i1 -BGTP␥S complex (f) and the enzyme product BSP (E). Pre-steady-state, steadystate, and post-steady-state periods for the enzyme reaction are indicated on the bar above the graph. Linear fit of the steady-state region yields a BSP production rate of 2.7 Ϯ 0.1 ϫ 10 Ϫ12 Ms Ϫ1 .
steady-state complex region, product formation was linear at a rate of 2.7 Ϯ 0.1 ϫ 10
Ϫ12 Ms
Ϫ1 . These changes in product formation rate as a function of the complex concentration are expected for Michaelis-Menten kinetics. In previous studies, the rate of product formation was found to increase with escalating G protein concentration (21) . Additionally, the product peak was present regardless of the G protein being assayed, and upon the addition of excess GTP␥S or GTP (which has been shown to displace the BGTP␥S from the G protein), the increase in peak area ceased. The addition of unlabeled excess nucleotide profoundly decreased the BGTP␥S-G protein complex, as expected (21) .
The most likely products of G protein-induced hydrolysis of BGTP␥S are GDP and BSP. Of the two, only BSP is fluorescent and could therefore correspond to the detected product peak. Synthetic BSP was observed to electrophoretically co-migrate with the unknown product when added into the reaction mixture (data not shown). In separate experiments, mass spectrometry analysis of the reaction mixture revealed m/z that corresponded to the masses of BSP and GDP (data not shown). From these results, we concluded that BGTP␥S is hydrolyzed by G proteins, and the fluorescent product of this hydrolysis is BSP.
Determination of K m and Apparent k cat Values from Steadystate Hydrolysis
Assays-The kinetics of BODIPY® FL nucleotide hydrolysis by G␣ i1 and G␣ o were characterized using the protocol given under "Experimental Procedures." Fig. 6 illustrates how these parameters were obtained from raw CE-LIF data for G␣ o with BGTP. A fit of the linear region of product peak area versus time for each substrate concentration yielded a product formation rate in RFUs Ϫ1 (Fig. 6A) , which was converted to turnover number and plotted as a function of substrate concentration (Fig. 6B) . K m and maximum turnover (apparent k cat ) values were determined by fitting the data to y ϭ (turnover ϫ [S])/(K M ϩ [S]). For G␣ o with BGTP, the K m was 120 Ϯ 60 nM, and the apparent k cat was 8.3 Ϯ 1 ϫ 10 Ϫ3 s Ϫ1 . A summary of the kinetic parameters determined for G␣ i1 and G␣ o with BGTP and BGTP␥S is presented in Table I . Previously published values for K m (1) and k cat (obtained from both steady-state and single-turnover (41) experiments) for each of these proteins with GTP are also included for comparison.
Stimulation of GTPase Activity by RGS under Steady-state Conditions-RGS stimulation of GTPase activity is not detectable by traditional steady-state assays because the dissociation of GDP is rate-limiting; in contrast, the observed relatively weak G␣-BGDP binding and rapid dissociation suggested that RGS activation might be detectable in the CE-LIF assay format. To test this possibility, steady-state GTPase assays were performed with 10 nM G␣ o or G␣ i1 , excess BGTP (500 nM), and nanomolar concentrations of RGS4 or RGS8, both of which are GAPs for G i/o proteins (3, 43) . As illustrated in Fig. 7 , BGDP peak area remained constant at 0.5 Ϯ 0.1 RFU over the 2380-s analysis time in the absence of G␣ o . The BGDP peak area remained unaffected by the addition of 325 nM RGS8 in the absence of G␣ o (0.4 Ϯ 0.1 RFU). When G␣ o was present alone, BGDP peak area increased linearly at a rate of 1.10 Ϯ 0.04 ϫ 10
Ϫ10 Ms
Ϫ1 . This corresponds to a turnover number of 1.10 Ϯ 0.04 ϫ 10 Ϫ2 s Ϫ1 , which is comparable with the apparent k cat reported in Table I . BGDP formation began to tail off ϳ1000 s after the addition of G␣ o as the amount of available free BGTP was depleted. When both RGS8 and G␣ o were present in the sample, the observed BGDP formation rate was 2.1 Ϯ 0.6 ϫ 10 Ϫ10 Ms Ϫ1 (turnover number ϭ 2.1 Ϯ 0.6 ϫ 10 Ϫ2 s Ϫ1 ), representing an increase of 190% for the data shown. In replicate experiments, the degree of RGS8 stimulation varied from 200 to 213%. The range of BGDP formation rate linearity decreased to 0 -800 s, as a result of the more rapid depletion of BGTP. Steady-state stimulation of G␣ i1 GTPase activity by RGS4 under similar conditions was also observed, although the extent of stimulation was only 117-127% (data not shown). No RGSmediated stimulation of GTPase activity was observed with BGTP␥S under similar conditions (data not shown), which seems to indicate that the position of the fluorophore on the ␥-phosphate may inhibit RGS binding to G␣-BGTP␥S complex.
Although G␣ i1 mutant R178C has been observed to regain GTPase activity in the presence of RGS4 (3), the effect of RGS8 on G␣ i1 R178C has not been reported. When excess RGS8 (650 nM) was added to a sample containing 500 nM BGTP and 250 nM G␣ i1 R178C, BGDP formation rate increased 134% over basal R178C GTPase activity (4.1 Ϯ 0.2 ϫ 10 Ϫ11 Ms Ϫ1 for basal levels, as compared with 5.5 Ϯ 0.1 ϫ 10 Ϫ11 Ms Ϫ1 in the presence of RGS8); however, the amount of G␣ i1 R178C-BGTP complex that was formed in the RGS8-treated sample was 60% of that formed in the absence of RGS8, implying that RGS8 partially inhibited complex formation under these steady-state assay conditions. Correcting the BGDP formation rate observed for the amount of complex actually formed, the addition of RGS8 increased G␣ i1 R178C GTPase activity by 223% to 9.2 ϫ 10
Ϫ11
Ms Ϫ1 . However, this is still an order of magnitude slower than the activity observed with WT G␣ i1 at the same concentration (4.93 Ϯ 0.06 ϫ 10 Ϫ10 Ms Ϫ1 , data not shown). Thus, while RGS8 does stimulate G␣ i1 R178C GTPase activity, it does so to a lesser extent than RGS4, perhaps as a result of an inferior interaction. When limiting RGS8 (100 nM) was added to G␣ i1 R178C, the inhibitory effects of RGS8 on complex formation were removed, but no stimulation of BGDP formation was detected (data not shown).
Pseudo-single-turnover Assays-Previous studies have dem- FIG. 6 . Determination of K m and apparent k cat for G␣ o and BGTP from CE-LIF assays. A, 10 nM G␣ o was added to samples containing 50 (f), 100 (Ⅺ), 300 (•), 500 (E), 1000 (OE), and 5000 nM (‚) BGTP as described under "Experimental Procedures." BGDP production was monitored until 10% of the substrate was depleted, and BGDP formation rate at each substrate concentration was determined from a linear fit of peak area. Separation conditions were as previously reported in Fig. 3 . B, BGTP turnover number (from BGDP formation rate/[G␣ o ]) was plotted for each BGTP concentration and fit to a one-site binding curve. The BGDP formation rate was converted from RFUs Ϫ1 to Ms Ϫ1 using the slope of the BGDP calibration curve. K m for G␣ o with BGTP was 120 Ϯ 60 nM, and the apparent k cat was 8.3 Ϯ 1 ϫ 10 Ϫ3 s Ϫ1 .
onstrated marginal effect of RGS proteins on steady-state GTPase activities in assays that allow for the detection of GTPase activity assuming a constant rate of GDP release and therefore GTP binding (34) . Single-turnover assays involve loading G␣ with [␥-32 P]GTP in the absence of Mg 2ϩ , permitting nucleotide binding without hydrolysis. The addition of Mg 2ϩ initiates the hydrolysis of the G␣-bound radiolabeled nucleotide. Since excess unlabeled GTP(␥S) is added to the sample concomitant with Mg 2ϩ , only hydrolysis of the initially bound [␥-32 P]GTP yields a detectable product. In attempts to replicate this experiment with BGTP, we found that the G␣ o -BGTP peak area in the absence of Mg 2ϩ was half that for the same sample with Mg 2ϩ added (data not shown), implying that fluorescently modified GTP could not be completely preloaded onto G␣ o in the absence of Mg 2ϩ . Thus, we developed a "pseudo-singleturnover assay," in which G␣ o and BGTP were mixed in the presence of Mg 2ϩ , and modulators like RGS and YJ34 were added in once G␣ o -BGTP complex formation had reached a maximum. Fig. 8 shows G␣ o -BGTP peak area versus time for samples with G␣ o alone, with RGS4, and with both RGS4 and YJ34 added in. In the absence of RGS4 or YJ34, G␣ o -BGTP complex decayed with t1 ⁄2 ϭ 109 Ϯ 5 s (k ϭ 0.0064 s Ϫ1 ). When 210 nM RGS4 was added in at t ϭ 150 s, the half-life for the complex was reduced almost 8-fold, to 14 Ϯ 1 s (k ϭ 0.050 s Ϫ1 ), corresponding to a 778% increase in the rate of complex disappearance. Upon the addition of 40 M YJ34 with RGS4, the half-life for the complex decay was 74 Ϯ 3 s (k ϭ 0.0094 s Ϫ1 ), yielding a 147% increase in the rate of complex disappearance as compared with that with G␣ o alone. YJ34 inhibited RGS4 stimulation of G␣ o GTPase activity by 81%. Comparable observations were made when RGS8 was used as the G␣ o GAP. The addition of 260 -390 nM RGS8 accelerated G␣ o GTPase activity 220% (complex t1 ⁄2 ϭ 49 Ϯ 1 s, k ϭ 0.014 s Ϫ1 ). Complex half-life in the presence of 40 M YJ34 and RGS8 was 80 Ϯ 2 s (k ϭ 0.0087 s Ϫ1 ), representing a 137% increase over basal activity and a 38% inhibition of RGS8 stimulation (data not shown). The addition of YJ34 in the absence of RGS had a minimal effect on the decay of G␣ o -BGTP complex fluorescence (data not shown).
DISCUSSION
Characterization of G i/o ␣ subunit interactions with the BODIPY® FL-labeled nucleotides BGTP and BGTP␥S demonstrates that these probes can be used as substrates to assess GTPase activity. Studies of G i/o -BGTP(␥S) enzyme kinetics in the presence and absence of in vivo modulators such as RGS and in vitro modulators like YJ34 show that these guanine nucleotide analogues behave similarly to their unmodified counterparts. There are, however, several key differences that must be considered when designing fluorescence-based G protein assays and interpreting fluorescence data, such as the requirement for millimolar Mg 2ϩ levels to support adequate nucleotide binding, the fast off-rate of BGDP, and the levels of hydrolysis observed with BGTP␥S.
BGTP␥S hydrolysis by G i/o ␣ subunits is quite slow; nonetheless, it was readily detectable over the course of our experiments. We speculate that the presence of the BODIPY® label on the ␥-phosphate renders this analogue more labile than its unmodified counterpart, perhaps by making it a better leaving group. The K m determined for G␣ o -BGTP␥S (14 nM) is only slightly higher than the reported K D (6, 21) , presumably due to the relatively slow catalytic rate as compared with the dissociation rate of the G␣ o -BGTP␥S complex. The K m calculated for G␣ i1 -BGTP␥S, however, was actually less than the previously published K D value of 150 nM (6), as determined from bulk measurements of sample fluorescence. Experiments conducted in this fashion, however, could not take into account any nucleotide hydrolysis that occurs over the course of the experiment, the results of which may overestimate the K D . Background hydrolysis would result in artificial inflation of the calculated K D , since fluorescence of the hydrolysis product BSP is comparable with that of complexed BGTP␥S, both of which Samples were prepared as described under "Experimental Procedures." BGDP formation was assessed for samples containing 500 nM BGTP (f); BGTP and 325 nM RGS8 (▫); BGTP and 10 nM G␣ o (•); and BGTP, RGS8, and G␣ o (E). Separation conditions and buffers were as described in the legend to Fig. 3 . are greatly enhanced as compared with free BGTP␥S. Anisotropy measurements would also be skewed (lowered) as a result of the increase in concentration with time of a low molecular weight, fluorescent, and nonbinding species in the sample. Since the affinity and kinetics of BGTP␥S binding and hydrolysis vary for each subtype of G␣, it is important to be aware of their possible impact during experimental design and data acquisition of binding assays with this GTP analogue. Nonetheless, the catalytic rates for BGTP␥S hydrolysis with either G␣ o or G␣ i were 2 orders of magnitude lower than those observed with BGTP, justifying its classification as a relatively nonhydrolyzable GTP analogue.
The CE assay employed in this study demonstrated that BGTP hydrolysis follows Michaelis-Menten kinetics. K m values for G␣ o and G␣ i1 with BGTP were 120 and 940 nM, respectively, and are in reasonably good agreement with the previous approximation of 300 nM for heterotrimers with GTP (1). The deviation in K m values obtained for BGTP is most likely due to the presence of the fluorophore, which may interfere with complex formation. Additionally, it has been shown that MANT-GTP, which also possesses a label on the ribose ring, is incapable of fully activating G␣ (24) . Careful analysis of these data suggests that a substantial population of labeled GTP may have dissociated from the G protein without reaching the hydrolysis step.
Measurements of k cat values of 3.6 Ϯ 0.5 ϫ 10 Ϫ2 and 4.0 Ϯ 0.2 ϫ 10 Ϫ2 s Ϫ1 have been reported for G␣ o and G␣ i1 , respectively, in single-turnover experiments at 20°C. In comparison, GTP turnover values from steady-state assays were 4.5 ϫ 10
Ϫ3
(at 20°C) and 4.6 ϫ 10 Ϫ4 s Ϫ1 (at 30°C) for the same proteins (41) . This discrepancy results from the relatively slow dissociation of GDP, which becomes the rate-limiting step in GTP steady-state hydrolysis assays. Catalytic rates for the hydrolysis of BGTP by G␣ i1 and G␣ o , as determined from our steadystate CE assays at 25°C, were 3.0 Ϯ 0.2 ϫ 10 Ϫ2 and 8.3 Ϯ 1.0 ϫ 10 Ϫ3 s Ϫ1 , respectively, and are in good agreement with previously reported turnover rates of 1 ϫ 10 Ϫ2 s Ϫ1 for MANT-GTP with G␣ o as estimated from kinetics modeling experiments (24) . BGTP turnover rates fell in between values obtained from single-turnover and steady-state assays using GTP, suggesting that product dissociation might not be the rate-limiting step for the ribose-labeled fluorescent GTP analogues. This supposition is further supported by our inability to detect G␣ i/o -BGDP complexes during the 20-s analysis times of our assay and by the high observed K D value of 1.5 M of BGDP for G␣ o . Taken together, these data imply that a rapid dissociation of BGDP from G␣ occurs and is consistent with previously reported rates for MANT-GDP dissociation (t1 ⁄2 of MANT-GDP dissociation from G␣ o is 1.7 s as compared with 120 s for GDP (24) ). It seems likely that the maximum BGTP turnover rates measured by steady-state CE-LIF assays are good estimates of k cat . However, the occurrence of multiple binding events compounded with the impact of other rates, such as dissociation of prebound GDP, BGTP on-rate, BGDP off-rate, and the amount of BGTP that dissociates from G␣ without being hydrolyzed, prevent the determined values from being classified as true estimates of k cat .
RGS stimulation of G protein GTPase activity was detectable under both steady-state and pseudo-single-turnover conditions. Thus, the higher off-rate of BGDP as compared with GTP can be used to our advantage (e.g. by allowing for the detection of RGS activity in a simple steady-state assay). The addition of nanomolar concentrations of RGS to G protein in steady-state assays was found to modestly accelerate GTPase activity by 117-213%. Although detection of RGS stimulation was possible with the steady-state assay, these conditions were not appropriate for YJ34 experiments, where the RGS inhibitor had a secondary effect of inhibiting BGTP-G␣ complex formation (data not shown). In contrast, pseudo-single-turnover assays revealed half-times of complex decay as fast as 14 s (corresponding to 778% stimulation of GTP turnover), as well as partial inhibition of RGS activity by the synthetic peptide YJ34 and highlights the potential of this approach for screening G protein signaling modulators. Both steady-state and pseudosingle-turnover protocols, however, resulted in a magnitude of RGS stimulation much less than what has been previously published with GTP (3, 42) . Several possible explanations exist for this observation. The temporal resolution of the CE assays was 1 per 14 s, meaning that the detected half-life was at the limit of temporal resolution; therefore, RGS stimulation may have been higher. Steric hindrance due to the presence of the fluorophore could impair RGS interaction with G ␣ subunits and also alter the magnitude of the RGS effect, as was demonstrated by the decrease in BGTP binding to G␣ i1 R178C in the presence of RGS8. The opportunity for multiple BGTP binding events present in our assays may also impact the degree of RGS stimulation that is detected. Alternatively, RGS may stimulate GTPase activity up to a lower threshold, after which some other step in the BGTP hydrolysis pathway, like BGTP on-rate or the transition of nucleotide-bound G␣ from the inactive to active state, becomes rate-limiting.
Taken together, our observations indicate that G ␣ subunits can utilize BGTP as a substrate. The significance lies in the potential of this substrate to be used to study and screen for chemical probes of G protein function. These quantitative results will aid in the experimental design of future studies by highlighting the limits of BGTP utility. The observations herein were made possible by the application of automated, high speed CE-LIF for monitoring enzyme reaction kinetics. Each individual assay required only 500 -800 pl of sample, corresponding to attomole quantities of analyte. Injections can be made serially to monitor the progress of a reaction over the course of several hours, yielding kinetics information while consuming only microliters of total sample. Separations can be performed at 12-30-s intervals, providing temporal resolution adequate for monitoring the G protein hydrolysis reactions. An important benefit of utilizing CE for these analyses is that it allows for the independent detection of multiple species that are involved in the reaction, including substrate, complex, and product. As a result, it permitted detection of unexpected events such as hydrolysis of BGTP␥S and the effect of YJ34 on complex formation in steady-state assay formats. This emphasizes the advantages of separations in contrast to techniques that monitor only one dimension, such as following total bulk fluorescence or radioactivity counts. Furthermore, it demonstrates the suitability of this novel approach to monitor enzyme kinetics, as demonstrated here, for screening modulators of G protein signaling pathways.
